Dengue virus infection is the most frequent arthropod-borne infection affecting humans in the world. Our understanding of the pathophysiological events leading to mild or severe outcomes of the disease remains limited by the fact that viral target cells in the human body are poorly characterized. One of the most sensitive strategies for detecting cells supporting active replication of this positivestrand RNA virus is the search for the replicative intermediate, an antigenome of negative polarity, by RT-PCR. However, a phenomenon described as 'false priming' of the reverse transcriptase (RT) prevents strand-specific detection. The results of the current study showed that this event corresponds to cDNA synthesis that is independent of any primer addition. This property was general to all RNAs tested and was not associated with small free nucleic acids, such as tRNAs and microRNAs. Rather, it corresponded to initiation of cDNA synthesis from the 39 end of the RNA template, and a model is proposed in which the template RNA snaps back upon itself and creates a transient RNA primer suitable for the RT. Such a property would explain why many assays proposed for detection of a replicative intermediate are not specific, and may help in the development of a molecular biology protocol that could allow replication studies of RNA viruses of human interest, such as dengue virus, hepatitis C virus and enteroviruses.
INTRODUCTION
Dengue virus (DENV) is the most frequent mosquitoborne virus infection affecting humans in the world (http:// www.cdc.gov/ncidod.dvbid/dengue). It is a member of the genus Flavivirus, family Flaviviridae, and is represented by four viral serotypes, DENV1-4, that each year affect 50-100 million people in tropical and subtropical areas. Most D-ENV infections lead to a self-limiting febrile illness (dengue fever), but can also result in more severe diseases, such as dengue haemorrhagic fever and dengue shock syndrome. The mechanisms underlying the more severe outcomes of the infection are poorly understood.
A significant number of host factors have been shown to be required for DENV propagation in insect and human cells (Sessions et al., 2009) , but the crucial target cells for DENV remain controversial. DENV infection gives rise to a viraemic phase, and the presence of DENV proteins and nucleic acids has been detected in multiple organs (liver, spleen, kidney, lung and bone marrow; Jessie et al., 2004) and in circulating peripheral blood mononuclear cells, where monocytes, but not B or T cells, have been shown to be permissive to DENV infection (Blackley et al., 2007) . However, this detection is not necessarily associated with active replication.
DENV has a positive-sense RNA genome of approximately 11 kb encoding three structural and seven non-structural proteins, and is flanked by 59-and 39-untranslated regions (UTRs) that are partially complementary (Alvarez et al., 2005) . A hallmark of active DENV replication, as with other members of the family Flaviviridae, is the presence of the negative-sense antigenome, which is synthesized directly from the genome and serves as a replicative intermediate (Cleaves et al., 1981; Peyrefitte et al., 2003) . Sensitive methods for specific detection of the negative strand of flavivirus RNA have been repeatedly researched.
The most sensitive and specific approach for low-copynumber nucleic acid detection is RT-PCR, and the use of either a reverse or a sense primer during the reverse transcription was first proposed to synthesize cDNA of specific polarity that could be further amplified by PCR.
This solution rapidly appeared to be unreliable due to a phenomenon referred to as 'false priming' of the reverse transcriptase (RT) used (Lanford et al., 1995) from avian myeloblastosis virus (AMV) and Moloney murine leukemia virus (MoMLV). Other methods have been proposed, such as RNase-protection assays (Novak & Kirkegaard, 1991) , in situ hybridization (Nouri Aria et al., 1993) , hightemperature reverse transcription (Lerat et al., 1996) and tagged primers at the RT step (Lerat et al., 1996) . New proposals periodically emerge for improved strand-specific RT-PCRs regarding various positive-strand RNA viruses (Bessaud et al., 2008; Billam et al., 2008; Peyrefitte et al., 2003) . None, however, has proved to be a convincing solution, and all face the 'false priming' problem of the RT. Some hypotheses have been proposed for this 'false priming': partial inactivation of the RT after the RT step that would still be active in the PCR when forward and reverse primers are present, possible RT activity of the Taq DNA polymerase, the existence of a thermostable hairpin at the 39 end of the RNA template that serves as primer for the RT, and priming by short RNAs such as tRNAs and microRNAs (Lerat et al., 1996) . The problem associated with non-specific amplification of the non-targeted RNA strand, however, has never been described precisely.
Considering the importance of establishing the list of target cells during DENV infection, we decided to characterize the 'false priming' event of RNA during reverse transcription, using DENV2 as a model, in order to establish a protocol suitable for strand-specific detection during virus propagation.
RESULTS
As observed previously by others (Peyrefitte et al., 2003) , we confirmed that initiation of the RT during RT-PCR with DENV RNA can occur without any exogenous primers at the RT step (Fig. 1a) . DENV RNA was added to the RT, either with a reverse primer (exogenous priming) encompassing the very 39 end of the genome or without primer (endogenous priming). Three regions of the genome were targeted for PCR: nt 2323-2947 (envelope and NS1 genes), 8016-8546 (polymerase NS5 gene) and 10546-10723 (NS5 gene and 39UTR). A positive signal was detected, whether the RT was exogenously primed or not. Initiation of cDNA synthesis could not be attributed to any background activity of the DNA-dependent DNA polymerase (Taq polymerase) as RNA introduced directly into the PCR mix, with forward and reverse primers, could not be amplified (Fig. 1a) . Identical results were obtained with another flavivirus, West Nile virus (not shown). Such endogenous priming of the RT in RT-PCR studies has already been described for some single-stranded positivesense RNA viruses, such as hepatitis C virus (HCV) (Lerat et al., 1996) and enterovirus (Bessaud et al., 2008) . We found that endogenous priming was not restricted to this class of viruses, as we observed it with the segmented negativestranded RNA virus Puumala virus (PUUV; Fig. 1b ) and hantaan virus (not shown). Moreover, it was also observed using cellular RNAs as template, such as b-actin mRNA and 18S RNA (Fig. 1b) . In each case, contamination by DNA or background RT activity of the Taq polymerase could be excluded, as target RNA introduced directly into the PCR mix did not lead to a significant signal (,10 % of the positive tracks). Experiments were conducted with both MoMLV and AMV RT, with identical results. 'Falsepriming' events in RT-PCR studies therefore involve endogenous priming at the RT step and do not seem to be restricted to genomes of positive-sense RNA viruses. The following experiments focused on DENV 2 Martinique only.
To decipher whether the endogenous priming was due to cellular small nucleic acids (DNA, microRNA, tRNA, etc.) or to an intrinsic property of the RNA template, we Cell-free DENV RNA was reverse-transcribed (AMV) with or without primer (+/"P), amplified by PCR in three regions (nt 2323-2947, 8016-8546 and 10546-10723) and analysed by agarose gel electrophoresis. As controls, RNA was added directly to the PCR without reverse transcription (RT ") and H 2 O was used for whole RT-PCR (RNA "), with primer at the RT step. (b) The same analyses were performed on PUUV extract with primers S237/S304 and on uninfected cell extract for b-actin (primers OS90/OS91 and OP56/ OP57) and 18S rRNA (18S universal primer set). Dashed lines indicate that the molecular markers and DNA bands of interest were in the same agarose gel, but not in adjacent wells. investigated the comparative levels of endogenous and exogenous priming, in correlation with the relative amount of DENV RNA and cellular RNA. We first mixed a set amount of DENV genomic RNA extracted from cell-free virus (2 ml RNA extract from virus particles released into the supernatant of infected cells) with whole RNA purified from uninfected cells (0, 15, 45 and 135 ng) . We thereafter performed reverse transcription with or without DNA primer before the quantitative PCR (Leparc-Goffart et al., 2009) . The relative level of endogenous priming compared with exogenous priming did not increase when the amount of cellular RNA was increased (Fig. 2a) . Thereafter, we decreased the amount of cell-free genomic DENV RNA (from 5610 7 to 5610 1 equivalent copies) in a set amount of total cellular RNA (135 ng) and performed the same reverse transcription and quantitative PCR analysis. We did not observe any variation in the relative level of endogenously primed RT compared with exogenously primed RT (Fig. 2b) . Thus, the level of endogenous priming was not correlated to the amount of cellular nucleic acids that could have acted as primer: endogenous priming appeared to be a property of the template itself.
Assuming that PCR efficiency is the same whether the RT was primed by DNA primer or not, the PCR quantifications allowed us to estimate the efficiency of the templatemediated priming during cDNA synthesis: on average, it represented 65±15 % of the cDNA production during exogenously primed reverse transcription.
However, we could not exclude the possibility that DENV RNA, extracted from cell-free virus, might contain traces of cellular nucleic acids co-packed in the viral particles that in turn would be used as primers by the RT. This, to our knowledge, has never been described for DENV, but in order to reduce the amount of potential short nucleic acid contaminants relative to the amount of targeted RNA template, we used T7 or SP6 in vitro transcripts. These bacteriophage polymerases are known to produce large amounts of full-length RNA transcripts, and are even more efficient with short RNA transcripts (Melton et al., 1984) . Therefore, we used dilutions of such in vitro transcripts to limit the level of nucleic acid contaminants to a minimum. An artificial mini-genome RNA of 750 nt (miniG) was generated. This contained the first 463 nt of the DENV genome (59UTR and capsid gene, nt 1-463) and the last 267 nt of the DENV 39UTR (nt 10456-10723), with 20 irrelevant nucleotides as a spacer (the spacer corresponded to the multicloning site of the plasmid used for construction of the initial DNA template). RT-PCR, with or without primer, respectively, at the RT step was performed, followed by a PCR spanning the entire 39UTR (nt 10456-10723). As observed previously on DENV full-length genomes, there was a significant amount of RT-PCR product resulting from the RT without added primer. The same experiment was performed on a reverse complementary SP6 in vitro transcript, corresponding to a mini-antigenome (miniAG) of negative polarity. Endogenous priming could once again be observed, even in the region corresponding to the entire 39UTR of the antigenome (nt 1-463 of DENV) (Fig. 3) . As it is practically impossible, even with DNase treatments, to completely eliminate the initial DNA template from the in vitro-transcribed RNA, we had some weak amplification when using RNA template directly in the PCR (RT 2, Fig.  3 ). This background signal, however, was insignificant compared with the signal observed with RT-PCR.
Due to the position of the reverse primers used at the RT step and in the PCRs (hybridizing to the last 20 nt at the 39 end of the miniG or miniAG) used in the PCR, positive PCR amplification in the endogenously primed samples indicated that reverse transcription had initiated at the very 39 end of the template, or at least on the last 10 nt. This Fig. 2 . Lack of correlation between endogenous priming efficiency and the DENV : cellular RNA ratio. (a) A fixed amount of DENV RNA extract (2 ml) was mixed with increasing amounts of total cellular RNA (0-135 ng) and, after reverse transcription with or without exogenous DNA primer (+/"P), an equivalent copy number of DENV genomes was estimated by real-time PCR. (b) A fixed amount of total cellular RNA (50 ng) was mixed with serial dilutions of cell-free DENV RNA (from 5 to 5¾10 "4 ml diluted in water) and analysed as above. &, +P; X, "P.
cDNA synthesis without primer on dengue virus RNA could be concluded, as the synthesized cDNA would otherwise have been too short for reverse primer hybridization at the PCR step. Priming by small contaminating nucleic acids that randomly hybridize on short sequences of the miniG or miniAG template would have led to synthesis of mostly truncated cDNAs that would have been initiated downstream from the 39 end of the RNA template. This would have implied that no or weak PCR amplification should have occurred. Thus, this result confirms our previous observation that the endogenous priming at the RT step is poorly associated with fragments or small RNA, or even DNA. Rather, our results strongly indicate that the major event leading to priming the RT, in the absence of an exogenous DNA primer, is due to priming close to the 39 end of the RNA template itself. Thus, the event associated with 'false priming' of the RT when targeting a specific RNA strand appears to be selfpriming of the RNA templates.
The 59 end (capsid gene) and 39UTR of the DENV genome contain complementary sequences that allow long-range RNA-RNA interactions (Alvarez et al., 2005) . To check whether intermolecular or intramolecular interactions between DENV RNAs through their 59-and 39-end sequences could play a part in self-priming, we assayed self-priming with RNA in vitro transcripts that harboured either the 39UTR (39Gen) or a reverse complementary copy of the 59UTR (39AGen). Self-priming occurred in both cases, thus excluding the possibility that overlap between the genome 59 end and the 39UTR plays a significant role in the event (Fig. 4a) . Priming of the RT by RNA secondary structures has also been proposed as an explanation for false priming (Lerat et al., 1996) . Flavivirus UTRs are indeed highly structured (Romero et al., 2006) , and false priming events are somewhat limited when reverse transcription is performed at high temperatures, for instance using recombinant Thermus thermophilus (rTth) Fig. 3 . Self-priming on in vitro-RNA-transcribed mini-genome or mini-antigenome. A mini-genome (DENV nt 1-463+20 nt spacer sequence+DENV nt 10456-10723) was transcribed in vitro, as well as the reverse and complementary mini-antigenome. Both were assayed for endogenous priming by RT (MoMLV) without primer, PCR in regions corresponding to the 39 end and 59 end (nt 1-463 and 10456-10723 and corresponding primers) and agarose gel analysis of the products. The absence of significant DNA carry-over from the in vitro-transcription template was assessed by submitting the RNA directly to PCR (RT "). were also assayed for self-priming, with the same controls. No particular sequence or motif could be associated with these transcripts, as shown by RNA structure prediction (see Supplementary Fig. S1 ). The same controls for DNA contamination were used as in Fig. 3 .
DNA polymerase at 72 u C, a temperature when RNA structures are destabilized (Lerat et al., 1996) . We used two other in vitro RNA transcripts corresponding to the inner regions of the DENV genome: nt 1171-1568 and 9550-10161, respectively, which do not include the DENV UTRs. Mfold predictions did not indicate a significant hairpin structure for these transcripts (see Supplementary Fig. S1 , available in JGV Online). Self-priming of the two templates could, however, be observed during the RT (MoMLV) step (Fig. 4b) . Identical results were obtained using AMV RT (not shown). We also studied the influence of DMSO, a chemical known to diminish the stability of RNA secondary structures. Up to 10 % DMSO in the reverse transcription mix together with DENV RNA was used, but we could not observe any decrease in self-priming (not shown). Thus, our results do not indicate that a particular RNA motif is involved in the self-priming process. This result is perfectly compatible with the variety of RNA templates that have been shown in previous experiments ( Fig. 1) to support the intrinsic phenomenon that we refer to as self-priming.
We finally focused on the RT step. The in vitro transcript corresponding to sequence nt 10456-10723 of the DENV2 genome (NS5 polymerase gene and 39UTR) was submitted to reverse transcription by RT (MoMLV) without primer, with a reverse primer, and with both a reverse and a forward primer as additional controls. cDNAs were analysed by electrophoresis on an 8 M urea/acrylamide denaturing gel stained with ethidium bromide. Self-primed cDNA appeared as a single band of~250 nt, corresponding to a full-length copy of the RNA template (Fig. 5, lane 2) . In particular, no other band or a smear was observed, indicating, as described above, that cDNA that is endogenously primed corresponds in a large majority to a single product type, and corresponds to a full-length or quasi-full-length copy of the RNA template. cDNAs synthesized in the presence of a reverse primer appeared to be a mixture of two products (Fig. 5, lane 3) : a large product corresponding to the primed cDNA, and a second product, slightly less abundant, with a migration identical to that of the self-primed cDNA of lane 2. As a control, a third sample was analysed, with both forward and reverse primers in the RT. The forward primer did not lead to the synthesis of any additional band compared with RT with only the reverse primer (Fig. 5, lane 4) . Identical results were observed with other synthetic RNAs. This confirmed the above results: (i) endogenous priming does not occur randomly along the RNA template, as would be expected if free short nucleic acids were used to prime the enzyme; (ii) endogenous priming, referred to as self-priming, can occur even in samples where DNA priming occurs; and (iii) self-priming of RNAs during reverse transcription leads to the synthesis of significant amounts of unexpected cDNA.
DISCUSSION
AMV and MoMLV RT are currently widely used to synthesize cDNA from RNA templates, using various types of DNA primers such as random oligonucleotides, oligo(dT) and specific primers. These viral enzymes, however, can initiate DNA synthesis from an RNA primer, as described in the manufacturer's instructions. This property is linked to the replication of the virus they originate from: AMV uses tRNA Trp as a primer (Harada et al., 1975) , whilst MoMLV uses tRNA Pro (Peters et al., 1977) ; in addition, the well-studied human immunodeficiency virus RT uses tRNA 3 Lys . These tRNA primers are even co-encapsidated in the virus particle (Ratner et al., 1985) . The self-priming of the RT that we observed in vitro on various 'wild-type' or synthetic templates is therefore not surprising, and has already been noted in the literature. Our first results (Fig. 1) confirmed that the phenomenon is not restricted to positive-sense RNA viruses and indicated that it leads to a significant production of unexpected cDNA, corresponding to~65 % of exogenous DNA priming (Fig. 2) , whatever the sequence or structure of the template may be (Figs 3 and 4) .
We showed that free nucleic acids are poorly associated with endogenous priming (Figs 3, 4 and 5): this process appears to be only template-mediated. However, we have not characterized the exact molecular events leading to the initiation of cDNA polymerization at the 39 end of the RNA template. Fig. 5 indicated that self-primed cDNA are slightly shorter than DNA-primed cDNA (see lanes 3 and 4). This could fit a snapped-back RNA priming model in which the 39 end of an RNA loops back upon itself to form short and transient RNA-RNA duplexes that could serve as primers for the polymerase. Such a mechanism would firstly imply that the RT will prime from an RNA-RNA cDNA synthesis without primer on dengue virus RNA hybrid consisting of a few nucleotides, as the 39 end of an RNA usually does not have any particular complementarity to any sequence elsewhere in the molecule. During the retrovirus cycle, AMV or MoMLV RT priming occurs through hybridization between a primer-binding site, situated at the 39 end of the retroviral genome, and 15-18 nt of a tRNA (Wakefield et al., 1995) . However, the minimal length requirement for AMV RT priming by DNA has been shown to be as few as 4 nt (Falvey et al., 1976) . This indicates that, although nucleic acid pairing on 4 nt is thermodynamically unstable, the hybrid between the RNA template and the short priming oligonucleotide can be maintained long enough for the RT to initiate its activity (Isel et al., 1996) . The primer requirement by RTs therefore appears to be quite weak. The situation is the same for RNA-dependent RNA polymerases, which can even perform de novo initiation (Laurila et al., 2005) . As a comparison, Taq polymerase can only prime from DNA-DNA hybrids longer than 9 nt (Williams et al., 1990) , which may explain why the self-priming phenomenon is not observed at the PCR step, as well as why random hexamers when used in RT do not interfere with the PCR step. Secondly, such snapped-back priming has already been observed by others with RNA-dependent RNA polymerases, such as phage w6 polymerase (Laurila et al., 2005) and with RT: Simpson et al. (2004) studied cDNA synthesis from a synthetic 90 nt RNA by retroplasmid RT (pFOXC RT) and used MoMLV RT as a control. Both RTs could perform cDNA synthesis with or without a DNA primer. Self-primed RT products corresponded to an~170 nt RNA-DNA hybrid (pFOX RT and MoMLV) that the authors associated with elongation of the 39 end of the RNA template that had snapped back upon itself. Selfprimed MoMLV additionally produced a simple DNA of 80 nt, indeed a cDNA not bound to the 39 end of the RNA template. Simpson et al. (2004) mentioned that snapped-back priming can recover different forms, depending on the enzyme and reaction conditions. This may explain why we observed only a basic form of the cDNA that has the same length as the RNA template (Fig.  5) but not a long hybrid form. The exact mechanism would need further analysis, but this snapped-back priming model is compatible with our observations and other reports. As a comparison, it has been precisely described.
Enzyme suppliers mention that DNA primers are generally more efficient than RNA primers, and one could expect that self-primed cDNA synthesis could be a marginal event when a specific DNA primer is added in a sample. Our results (Fig. 5, lanes 3 and 4) indicate that this is obviously not the case. Additionally, AMV RT has been shown to use both tRNA and DNA primers efficiently to initiate cDNA synthesis, on two loci of a single identical RNA template, and exhibited no drastic preference for one or other primer (Whitcomb et al., 1995) . This implies that self-priming will arise in conventional RT reactions where an exogenous DNA primer is present. Any competition that could favour DNA priming compared with RNA priming would be balanced anyway by the fact that RT enzymes are present nowadays in excess in standard RT reactions.
When working on strand-specific detection of viral RNAs, self-priming at the RT step will therefore result in the synthesis of cDNA copies of both positive and negative polarity, in addition to the exogenously primed DNA, whatever strand-specific primer is added. cDNAs of both polarities will then be amplified at the PCR step, without respect to orientation. Due to optimized RT conditions (buffers and RT enzymes), long-range cDNA synthesis can be completed, and any target region of the genome, even far away from the RNA 39 end, will be affected by intrinsic self-priming, as we confirmed (Fig. 1a) .
Various strategies have been reported to achieve strandspecific amplification. In tagged PCR, the RT primer has a unique tag sequence at its 59 end in addition to the complementary sequence that will be used for specific amplification at the PCR step (Bessaud et al., 2008; Billam et al., 2008; Lerat et al., 1996; Peyrefitte et al., 2003) . The tagged primer system, however, cannot overcome the interference of snapped-back priming. During the first cycle of the PCR, the forward primer can hybridize to the self-primed cDNA, whereupon any tagged primer from the RT step will hybridize to this second strand and initiate the synthesis of an amplicon consisting of both the forward and tagged primer sequence. The resulting amplicon will be further amplified through efficient binding of the tagged and forward primer, and the strand specificity will thereby be lost.
Reports with data from purified in vitro transcripts or cellfree virus extracts, however, have mentioned that some strand specificity can be achieved, although to a limited extent, using a tagged RT-PCR system. Discrimination between the positive and negative strand can reach a factor of 10 6 (Carriere et al., 2007; Lerat et al., 1996; Mizutani et al., 1998) , which should be satisfactory when studying clinical samples of viruses that have a relatively low level of replication, such as hepatitis A or C virus or DENV. Such results were obtained with RNA extracted from quite pure samples. Interestingly, strand specificity of an HCV tagged RT-PCR assay was shown to be better with serum extracts than with liver extracts, although the total quantities of HCV RNA were comparable (Lerat et al., 1996) . This indicates firstly that the reliability of a strand-specific assay validated under in vitro conditions may not be suitable for clinical studies. Secondly, the discrepancy in the results depending on the sample could find an explanation in a snapped-back model: magnesium ions for instance, which are essentially intracellular, are present at significantly higher concentrations in liver extracts than in sera, and a high Mg 2+ concentration stabilizes nucleic acid hybridization in RT-PCR. Snapped-back RNA could therefore be favoured in tissue extracts, which would result in a reduced specificity of the assay. Even though various HCV strandspecific systems have been proposed, detection of the negative RNA strand of HCV with tagged RT-PCR is still controversial (Carriere et al., 2007; Laskus et al., 1997; Lin et al., 2002) . Some protocols aimed at reducing the problematic carry-over of tagged primers from the reverse transcriptase to the PCR have also been proposed. These methods involve nuclease digestion and size exclusion (Bessaud et al., 2008; Craggs et al., 2001; Peyrefitte et al., 2003) , but none of these methods can completely remove the tagged primers, and will in addition result in loss of material. As detection of the replicative intermediate is of major interest for viruses with a relatively low level of replication (such as hepatitis A, C or E virus or DENV), such methods appear to be of limited interest.
Some authors have used a thermophilic RT approach (Craggs et al., 2001; Lanford et al., 1995; Laskus et al., 1998) . The Tth RT works efficiently at 65 u C and has been shown in vitro to achieve a discrimination factor between strands of up 10 8 transcribed HCV RNAs, whereas the conventional MoMLV RT used at 42 u C could only achieve a factor of 10 4 (Laskus et al., 1998) . High-temperature reverse transcription with various combined tagged RT-PCR strategies, however, failed to completely overcome the phenomenon of unwanted detection of the incorrect strand of RNA (Craggs et al., 2001) . The snapped-back priming model is again compatible with these observations, as a high temperature will reduce, but not eliminate, the capacity of the template RNA to form short and transient back-loops at its 39 end.
We investigated several alternative strategies to overcome the snapping back of the non-targeted RNA strand. We first designed tagged primers that had a DENV-specific sequence of only 10 nt. Such primers were expected to hybridize on DENV sequences at low temperature, and thereby to allow the tagged reverse transcription to occur, but would be too short for efficient binding on self-primed cDNA at the PCR step. Endogenous priming of the RT was, however, still efficiently detected at the PCR step (data not shown). It has been reported that oligonucleotides blocked at their 39 end (to prevent extension) and modified on the last 59 bases by phosphorothioate (to resist any 59 exonuclease digestion) (Boiziau et al., 1994) or peptide nucleic acids (Koppelhus et al., 1997) bound to RNA templates can block AMV or MoMLV RT. A derived antisense oligonucleotide strategy could thus stop the RT on a non-targeted RNA strand and prevent full-length cDNA synthesis on the wrong strand. In our hands, however, such a protocol turned out to be unsuccessful (not shown). The strong strand-displacement activity of AMV and MoMLV RT, which is useful for the synthesis of long cDNAs on highly structured RNAs, may have impaired the blocking of the enzyme by the oligonucleotides. RNase H digestion of the non-targeted strand using a strand-specific 39-end blocked oligonucleotide before the reverse transcription was also unsuccessful (not shown). We then tried to avoid the RT step by employing a ligation-mediated PCR (Hsuih et al., 1996) . This approach relies on the hybridization of nonamplifiable hemiprobes on the template, ligation and subsequent assembly of PCR-amplifiable DNA. Such a protocol cannot be applied directly to RNA as there is no enzyme that can ligate DNA oligonucleotides in DNA-RNA hybrids. Strand discrimination could therefore occur only after first-strand synthesis. Standard protocols (Hsuih et al., 1996) or even a SALSA system (MRC Holland), which has been developed for multiplex ligation-dependent probe amplification with a specific ligase that should have a poor activity on non-hybridized hemiprobes, could not achieve satisfying specificity (not shown).
The search for replicative intermediates of flaviviruses therefore remains unsolved, and all protocols published to date remain to some extent unsatisfying. Our data favour a snapped-back priming model of the reverse transcriptase, which clarifies what was reported before as 'false priming'. This model is also compatible with previous observations made on DENV, hepatitis viruses or enteroviruses and can also provide an explanation for some controversial results in in vitro or clinical assays. Depending on buffers, the quality of the RT enzymes, reaction temperature and the stability of the RNA back-loops, the rate of RT initiation through snapped-back RNA would vary and thereby affect strand-specific detection. As more efficient enzymes and RT-PCR kits are being developed, snapped-back priming of the RT is a problem of increasing importance in the identification of target cells for flaviviruses and other single-stranded RNA virus infections.
METHODS
Cells. C6/36 cells (Aedes albopictus larva cells, ATCC CRL-1660) were grown at 28 uC in Leibowitz's L15 medium (BioWhittaker Europe) supplemented with 2 % tryptose phosphate broth and 5 % fetal calf serum. Vero E6 cells (ATCC C1008) were grown at 37 uC in MEM 199 (Invitrogen) supplemented with 5 % fetal calf serum.
Viruses. DENV2 strain Martinique (H/IMTSSA-MART/DEN2/98-703) was propagated on C6/36 or Vero cells. PUUV (patient isolate) or hantaan virus (strain 76-118) were propagated on Vero E6, as described previously (Hardestam et al., 2008) . For experiments with cell-free virus, the supernatant of infected cells was collected before cell death and clarified by centrifugation at 1500 g for 10 min before RNA extraction. Viral RNA extraction. Viral RNA was extracted from 140 ml infected cell lysate or supernatant using a QIAmp Viral RNA Mini kit (Qiagen) according to the manufacturer's instructions. The eluted RNA was stored at -80 uC until use.
RT-PCR. Reverse transcription was performed with AMV (Promega) or MoMLV (Superscript III; Invitrogen) RT according to the manufacturer's instructions. AMV reactions comprised 2 ml RNA extract in buffer containing 50 mM Tris/HCl (pH 8.3) at 25 uC, 50 mM KCl, 10mM MgCl 2 , 0.5 mM spermidine, 10 mM dithiothreitol, 2 U AMV, 1 ml 10 mM dNTP mix (New England Biolabs) and 1 ml specific 10 mM primer (where required; Eurogentec). MoMLV reactions comprised 2 ml RNA extract in buffer containing 50 mM Tris/HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 , 1 ml 0.1 M dithiothreitol, 40 U enzyme, 1 ml 10 mM dNTP mix and 1 ml specific 10 mM primer (where required). The reactions were incubated for 40 min at 40 uC, followed by 10 min at 95 uC to inactivate the RT enzyme. For cDNA analysis on polyacrylamide/8M urea gel, the amounts of RNA were increased to 10 ml. Otherwise, 2 ml of the RT reactions was added to the PCR in a final volume of 20 ml, using standard protocols, using either using Taq PCR Mastermix (Qiagen) (35 cycles of 95 uC for 20 s, 58 uC for 30 s and 72 uC for 1 min) for standard PCR or Platinum PCR Supermix (Invitrogen) (40 cycles of 95 uC for 15 s and 60 uC for 45 s) for real-time PCR in a LightCycler apparatus (Roche).
The results of end-point PCR were analysed on a 1 % agarose gel stained with ethidium bromide.
Primers. Most primers were synthesized in the laboratory and were used in this study because of availability. They were based on the DENV2 H/IMTSSA-MART/DEN2/98-703 sequence (GenBank accession no. AF208496), nt 2323-2343, 2947-2927, 8016-8036, 8546-8526 and 10723-10703 (Fig. 1) ; nt 1-20, 463-443, 10456-10476 and 10723-10703 (Fig. 3) ; and 1171-1191, 1568-1548, 9550-9570 and 10161-10141 (Fig. 4) . Other primers were from Eurogentec: OS90 (59-TCCTGTGGCATCCACGAAACT-39) and OS91 (59-GAAGCA-TTTGCGGTGGACGAT-39), and OP56 (59-TGGAGTCCTGTGG-CATCC-39) and OP57 (59-GTGTAACGCAACTAAGTCA-39) targeting human b-actin, an 18S PCR primer pair (Quantum RNA Universal 18S; Ambion), S237 and S304 targeting PUUV (Evander et al., 2007) and DenF, DenR and DenP from a pan-dengue Taqman system (Leparc-Goffart et al., 2009) .
In vitro transcription and PAGE analyses. In vitro transcription was carried out using plasmid constructs or PCR products containing the expected promoter sequences with a T7/SP6 Ribomax large-scale RNA production system (Promega). For denaturing gel analysis, the cDNA was mixed in equal volumes with a buffer containing 95 % formamide, 0.025 % xylene cyanol, 0.025 % bromophenol blue, 0.5 mM EDTA and 0.025 % SDS, boiled for 5 min and put on ice to prevent secondary-structure reformation, and loaded on a denaturing 10 % polyacrylamide gel [7.2 g urea, 3.75 ml 40 % ProSieve 50 (Takara), 16 TBE, 16 ml TEMED, 120 ml 10 % APS], which was eventually stained in an ethidium bromide bath and visualized under UV.
